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c^„ ^ir-WAI.I,C '°P">'N*NnTOBES 
CR0SS.BEFEBENC3ET0BELATBDAPPUCATI0N 

reference. 

HELD OF THE INVINTION 

paiticuiarlyK. P ,„™,™ii~ of sMe-waU oaibon nsMtubes and polar 

and ovon more particnlaily » comiositM ot tingle w«ii 
poljanets haxnnghigh etoaioal and/ot tomal oondncivity. 

BACKGROtlND OF THE INVENTION 
• singl^waU carbon nanoniH^ (SWNT). connnonly known aa »buckyn.bes," tave 
been to »bi«. of in»n.. r««ndi sino. ftdr discovery dnc «> fhcir unique propane. 
, m -^-^ *c^O conduCvi.,. Single-wan 

arranged in be^a^P-^- For <»c^- informancn on^.^^ 
IcaLnanombes a^B...yakobscnai^I.E. SniaUey.^«-c^^-«. Vd-^ 
Au^. 1997, pp. 324-337. MuW-waU ca*on nanonibea are neared am^e-waU 
. X^y^ ^rpoaseaa so» proper^es aimiiar » sin^c-waU carbon ^o„be. 
.^LIl carbon n^o^bea (MWNT) ba.e been sbown » be .oderalely .ftecnve « 

to ei-ica, con^ic^.. of c^poaiiea to. comprise - 
^ ...re^lcS..™.^-^^^ 

m Coleman etaL. A 58 /' ,,„„,wPM»,=, 

30 «;.ic>ie«..,Vol.319,p.4«OC20«XDWP.Fourn««al..y»»^»/4P.Wi''^-. 
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vol 90 p.969(2001)). However, since single-waU carbon nanotabes have fewer 
than mdti-wall carbon nanotubes, the single-wall caAon nanoia^es are generally 
stronger and more conductive, and are therefore expected to provide both mechamcal 
enhancement ^d electrical conductivities in polymer composites. A smaU arnonnt of 
5 work has been done in this .ea with melbacrylate pol>aner matrices providmg some 
^eful results, but these results show relatively low electrical conductivilies (^es e 
al C«c«/P^;../c.L.«.r.,Vol.319.p.460(2000);RHaggenmueUeretaL,a^^^^^^ 

piysics Letters, VoL 330, p. 219 (2000); J-M Benoit et al., Synthetic Metals, Vol. 121, p. 
1215(2001)). 

Jn polymers, single-wall carbon n^otubes have subst^tial potentid for 
eri^ndng flie polymers' strength, toughness, electric^ conductivity and ^erma^^ 
conductivity. However, achieving Ihe full potential of the properties of single-waE 
carbon nanotubes m polymers has been hampered by difficult of dispersmg Ibe 
15 nanotubes. A meliiod for producing compositions comprising weU-dispersed smgle-wd^ 
carbon nanotubes in polymeric materids is sought in order to achieve greater electncal 
and thermal conductivity in polymer composites. 
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SUMMARY OF THE INVENTION 

Tie invention relates to a composite comprising a weight fraction of single-wall 
carbonnanotubes and at least one polar polymer wherein the composite has ^ electncal 
conductivity enhanced over tbat of the polj^er alone. The invention also compnses a 
me&od for making this poisoner composition. Th. present appMon . provides 
composite compositions that, over a wide r^ge of SWNT loading, have el«.tr.cal 
conductivities exceeding those knownin the artby more than one order of magnitude. 
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n„.ta*Wco«lucttvity«J™cm«-dep..dsonteweightfi:actton(F)of^ 
^wJl carton M> in to con,osi». Ti. elecrical c^dnctivi^ of 4= 
c.„^ri» of tti. invenfion is a. >.as. 5 Si=»=- per cen^ater (S/om) a. (F) «f 0^ (- 

^ SWT wei*. represent «of ^ ».al co^posi. wdsh.). 
„f0.1.a.«lxl0^S/cm«aFof0.004.a.l«».6x.0-'S/cn.a.aFof0.001.nd« 

leaal 3 xlO'" S/om a. a F of 0. Tl. polar polymer can be a polycadx»«». poW«=rjto 
^, poWmefca^yUo acid), polyoride, polysulflde, poly^lfone. polyannde poft^. 
po,;^ polyi^d., poWviny, aoe».). polyvinyl alcohol), poly(™.yl « 
polyvinyl pyHdin., poly(vin,i pynolidone). . copolym» and oon*^- 

Jit. The protod polax polymer i. polyc^ona«. The compos:., cm taftar 
co^se . no^^lar polymer, such as. h«. no. limited ». a polyoieSn po^. 
polyeaylene. polypropylene, polybu.ene, polylsobu«ne, polyisoprene, polys.,^. 
copolym« toof and combma«ons teeof. The average spacing be«,«n m.«nal 
1^ con^ sin^ wail carbon nano^bes, such as singie-waU n^h*^ 
Aemselves or single-wall carbon nanoBbe ropes m composi.e is no. more to 30O 
^ettrs ^ ^ese elman^ form a porcolaUd 3-dimcnsional netwoA compnsmg 
single-wall carbon nanotubes, 

Uis invention additionally is a composite comprising a polymer and single-wall 
ca,.onnano.xbeshavingatiaermalconductivityenhancedoverthatofti.epoly^^^^^^ 

The dermal conductivity of ^e composite is at least about 1 Watt/meter-«KeIvm (W/m- 
°K) multipUed by lie weight fraction (F) of the nanotubes in the composite, 

J BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a scanning electron micrograph of a freeze-fractured surface of a 
SWNT-polycarbonate composite specimen. This example has a SWNT weight fraction 
of about 0.10. Hie SWNT material is clearly weU-dispersed. 
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Figure 2 shows a scaiming electron micrograph of a fteeze-fiactured surface of a 
SWNT-polycarbonate composite ^ecimen. Ms example has a SWNT weight fraction 
of aboiat 0 01. The SWNT material is clearly weU-dispersed. but the density of dispersed 
. 5 material is clearly less than that sho^vn in Figure 1. White arrows indicate material 
comprising SWNT. 

Figure 3 shows the measured electrical conductivity of the con^osite of the 
present invention in comparison to those Icaown in the art This figure also plots a 

10 function giving Ihe minimum conducti^dty of Ihe composite of this invention for arange 
of weight fractions of SWNT in Ihe composite. This fonction is defined below and 
graphically represents the properties of the composite of this invention. THe 
conductivities measured for lte composite compositions produced according to Example 
1 below are indicated in the Figure. Toints plotted as circles refer to data fbr SWNT, 

15. while points plotted as squares refer to data for MWNT. 

Figure 4 shows tiie measured thermal conductivity ofihe composite of the 
present invention. 

Fi«mre 5 shows the enhancement to thermal conductivity of the composite of 
Figure 4 provided by addition of SWNT. This is a plot of the difference between the 
thermal conductivity of tiie pure polymer matrix material and the thermal conductivxtaes 
om. composite samples prepared according to Example 1 comprising SWNT. IHe sohd 
triangles are the data from Example 1 and the open triangles represent a line given by 
Thermal conductivity (W/m-^K) = lOF. where F is tiie weight fraction of SWNT in the 
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composite. 
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DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 

One embodiment of this invention is a composite con5)rising a weight fraction of 
single-wall carbon nanotubes and at least one polar polymer wherein the conq)Osite has 

5 an electrical conductivity of at least 5 Siemens per centimeter (S/cm) multipUed by the 
weight fraction (F) of single-wall carbon nanotubes in the composite. Hie average 
spacing between material elements comprising smgle wall carbon nanotobes. such as 
single-wall nanotubes themselves or single-wall carbon nanotube ropes in the composite 
is not more than 300 nanometers and these elements form a percolated 3-dimensional 

10 network comprising single-wall carbon nanotubes. The thermal conductivity of the 
composite is at least about 1 Watt/meter-^K multipUed by the weight fraction (F) the 
nanotubes in the composite. 

In one embodiment of this invention, the composite comprises single-wall carbon 
15 nanotubes and one or more polar polymers wherein the single-wall carbon nanotubes are 
highly dispersed in the polymer matrix formed by the polymers of the composite. In one 
embodiment, liie composite comprises a polar polymer and a non-polar polymer in the 
polymer matrix. The composite is more electricaUy- and thermally-conductive than the 
polymer matrix would be without incorporation of the nanotubes due to the highly 
20 dispelled state of the single-wall carbon nanotubes in a polymer matrix that creates a 3- 
dimensional percolated network comprising multiple electricaUy- and thermaUy- 
conductive paths in the polymer matrix. 

A polar polymer is one that possesses a polar chemical group. Suitable polar 
25 polymers include, 'but are not Umited to, polycarbonate, poly(acryUc acid), 
poly(metiiacryUc acid), polyoxides, polysulfides, polysulfones, polyamides, polyesters, 
polyuiethanes. polyimides, poly(vinyl acetate), poly(vinyl alcohol). poly(vinyl chloride), 
poly(vinyl pyridine), poly(vinyl pyiroUdone), copolymers thereof; and combinations 
thereof. Hie preferred polar polymer is polycarbonate. Single-waU carbon nanotubes 
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and polar polymers can be suspended in highly-polar solvents such as dimelhyl 
formamide. Relatively high concentrations of single-wall carbon nanotubes, Le., fiom 
about 0.01 wt% to about 20 wtt/o, can be substantially uniformly dispersed in a matrix 
comprising one or more polar polymers with appropriate mixing procedures. GeneraUy. 

5 ihe amount of nanotubes added to a polymer is desirably smaU. so that, the mechanical, 
and processing properties of the polymer are retained. Wilh a mnform dispersion of . 

. single-wall carbon nanotubes in the nanotube-polymer composite. Ihe composite can 

• have high electrical and thermal conductivities without sacrificing the desirable polymer 
properties. 

10 

One of the keys to formulation of effective composite compositions compnsmg 
polymer matrices and single-wall carbon nanombes is to achieve a high level of 
dispersion of the single-waU carbon nanotubes m the polymer matrix. Choice of a polar 

• polymer fertile matrix material is one aspect of this invention. Without being limited by 

15 Iheory, it appears that tiie choice of a polar polymer for the matrix material enhances Ihe 
dispersion of the SWNt in the matrix. SWNT are known to be highly polarizable 
molecules. ITnis enhanced dispersion of SWNT in polar polymer matrices is beUeved to 
be due to interaction of the polar groups on the polymer with tiie SWNT. 

20 In one embodiment, ihe nanotube-polymer composite comprises single-wall 

carbon nanotubes and at least one polar polymer. In another embodiment, the nanotube- 
polymer composite comprises smgle-waU carbon nanotubes, one or more polar polymers 
and one or more non-polar polymers. Such non-polar polymers include, but are not 
limited to, polyolefin polymers, polyetiiylenes. polypropylenes, polyisobutylenes, 

25 polybutenes, polystyrenes, polyisobutylenes. polybutenes, copolymers thereof and 
combmations thereof. Generally, single-wall carbon nanotubes do not disperse well in 
non-polar polymers, however, polar polymers can blend well with non-polar polymers. 
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In one embodiment, iiie conq)osite comprises a weight fraction (F) [where (F) is 
defined as the single-wall caAon nanotube weight in the composite divided by the total 
weight of the composite] of single-wall carbon nanotubes and at least one polar polymer, 
wherein the weight fraction (F) is greater flian zero and less Ihan 0.5, and wherein the 
electrical conductivity of the conq)Osite is: 

(a) at least lOF Siemens/cm when 0.10 ^ F < 0.50 

(b) at least 410(F-0.001)^ '^ Siemens/cm when 0.004 < F < 0.1 and 

(c) at least 7 x 10'^(F-0.0000iy Siemens/cm when F < 0.004 

Throughout, weight fractions may be defined in units of wt% or without units. 
The sldlled artisan will understand tbat, e.g., 10 wt% corresponds to a weight fraction of 
0.10. 

15 In another embodiment, the composite comprises a weight fraction (F) of single- 

wall carbon nanotubes and at least one polar polymer, wherein the electrical conductivity 
of the composite of this invention is at least 5 Siemens per centimeter (S/cm) when F > 
0.5, at least 1 S/cm when 0.5 > F > 0.1, at least 1 x 10^ S/cm when 0.1 > F > 0.004, at 
least 6 xlO-' S/cm when 0.004 > F > 0.001 and at least 3 xlO"'* S/cm when 0.001 > F >: 

20 0.0001. 

In one embodiment, the composite comprises a weight fraction (F) of single-wall 
carbon nanotubes and at least one polymer, wherein the thermal conductivity of the 
composite is at least about 1 Watt/meter-°K multiplied by the weight fraction (F). 



In one embodiment, the composite comprises a weight fraction (F) of single-wall 
carbon nauotubes and at least one polar polymer, whereua the thermal conductivity of the 
composite is at least about 1 Watt/meter-''K multiplied by tihe weight fraction (F). 
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la one embodiment, single-waU nanotubes are dispersed imtiaUymoM 
polar polymers, and the resulting mixture is subsequently blended with one or more non- 
polar polymers. In another embodiment, a mixture comprising one or more polar 
polymers and one or more non-pclar polymers is pr^ared and then the single wall carbon 
nanotubes are added and dispersed. 

m one embodiment of this invention, the single-wall carbon nanotubes are 
dispersed in a solvent that is also a solvent for the polar polymer. The solvent.dispersed 
nanotubes are then mixed with the polar poisoner. After iborough mixmg. the solvent is 
e^ed. optionally under vacuum, while heating the solvent-polymer-nanotube mixture. 
Optionally, Hie mixing may be aided by heating, sonication, mechanical mixmg or a 
combination thereo£ The mixing of single-wall carbon nanotubes witii at least one polar 
polymer produces a uniform distribution of single-wall, carbon nanotubes in the polymer 
or polymer blend. 

When the polar polymer is polycarbonate, uniform dispersions of single-wall 
eafbonnanotubes canbe obtainedup to about 40 wt% of single-wall carbon nanotubes m 
Ihe composite. In certain embodiments, polar polymer-single-wall-carbon-nanotube 
composites with polycarbonate have an electrical conductivity in excess of 20 
Siemens/cm multipUed by the weight ftaction single-wall carbon nanotubes m the 
composite material. THese compositions have a thermal conductivity in excess of 10 
WattsMefer.-'KmultipUedby the weight fiactionof Ibe single-wall carbon nanotubes m 

the composite. 

m various embodiments of the invention, composites comprising single-wall 
carbon nanotubes. at least one polar polymer and, optionally, at least one non-polar 
polymer have enhanced electrical and thermal conductivity which malce diem useM m 
appUcations that require conduction of heat, conduction of electric charge, 
electromagnetic shielding, or a combination thereof ■ Tbe mechanical and processmg 
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properties of tiie inixture of polar and non-polar polymers are retained or enhanced, while 
the eleclrioai and thermal conductivities of the composite are enhanced. 



5 ^ The following example is included to demonstrate preferred embodimraits of the 

invention. It should be appreciated by those of skill in the ait that Ihe techniques 
disclosed in the example which foUow represent techniques discovered by the inventor to 
function well m the practice of the invention, and thus can be considered to Constitute 
preferred modes for its practice. However, those of sldU in the art should, in Hght of Ihe 

10 present disclosure, appreciate that many changes can be made m the specific 
embodhnents which are disclosed and still obtain a Uke or similar result witiiout 
departing from the spirit and scope of the invention. 

EXAMPLE 1 

15 0.5 g smgle-wall carbon nanotubes and 4.75 g polycarbonate were dispersed in 

250 g chloroform for 12 hours usmg a magnetic stirrer. The dispersion was tiien 
sonicated for 30 minutes witii a Branson high-ampHtude wedge-tip ultiasonic horn with a 
Branson 940B power supply at a power setting of approximately 300 Watts. The solvent 
was then removed from Ihe miitiire in a resin kettie using heat, vacuum and mechanical 

20 stirring. The sblvent removal process requured about tiiree hours. The polymer mixture 
was removed from vessel while still damp, and residual solvent was removed at 60°C m 
an oven. The resulting polymer-SWNT composite was pressed into a sheet of 
approxmiately 1 millimeter thickness with a 2-platen press. This procedure produced a 
sample with a weight fraction of SWNT of ^proximately 0.1. Several samples with 

25 different weight fractions of SWNT were made according to Has process by using the 
same amount of polycarbonate but different initial weights of SWNT. 

Scanning electron microscopy (SEM) of the con?>osite samples produced was 
performed. Figure 1 shows a scanning electron micrograph of the freezS^-fiactiired 
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surface ofthe SWNT-polycarbonate composite sample wi& a SWNT weight fraction of 
about 0.10. 

Figure 2 shows a similar electron micrograph of the SWNT-polymer coinposite 
wilh a SWNT weight fraction of about 0.01. ■ The micrographs show an excellent 
dispersion of single-waU nanotubes in the polymer matrix. The average spacing between 
nanotube structures (including individual nanotubes and/or ropes of nanotubes) is less 
thanSOOmn. 

The electrical conductivity of the pressed sheet of composite material was 
measured using both AC and DC currents. Hie AC conductivity was measured at 1 
kilohertz using a Hewlett Packard 4284A Precision LCR Meter using a 4-lead technique, 
and Uie DC conductivity was measured using a Keithley 2400 sourcemeter using a 4-lead 
technique. The results of these measurements are shown in Fig. 3. where they are 
designated as "Example 1. AC measurement and DC measurement" 

As is indicated in Fig. 3, the present invention provides a composite conductivity 
that is more than one order of magnitude (per carbon weight fraction) greater than that of 
previously known carbon-loaded composites. The__region in Fig. 3 above the line 
indicated "Function" represents the set of parameters for the electrical conductivity ofthe 
present invention. The set of values plotted by the line indicated "Function" on Fig. 3 is 
given below. 

For SWNT weight fractions between 0.50 and 0.10, 
Function (in Siemens/cm) =10 x (F) 

For SWNT weight fractions between 0.10 and 0.004, 



Function (in Siemens/cm) = 410 x (F-.OOl)' 



,2.6 
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For SWNT weight fractions between 0.004 and 0 
Function (in Siemens/cm) = 7 x lO'' x (F-O.OOOOl)' 



■niermal conductivity was measured using a steady-state, one-heater two- 
thermometer technique, and Ihe resuUs of Ihe measurement are shown in Figs. 4 and 5. 
The SWNT network in the composite substantially enhances its thermal conductivity as is 
clearly indicated. TMs example provides the first embodiment of a measured 
enhancement of thermal conductivity of a SWNT-polymer composite. The line with 
soUd triangles in Fig. 5 is the thermal conductivity enhancement measured at different 
weight fractions (F) of SWNT for composite compositions of this invention. The Une 
with open triangles is given by Thermal conductivity (Watts/meter-Kelvin) = 10 x F. 
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WHAT IS CLAIMED IS: 

1. A composite comprising a weight fraction of single-waU carbon nanotubes and at 
least one polar polymer wherein Hie composite has an electrical conductivity of at 

5 least about 35 S/cm multipUed by the weight fraction of ihe nanotubes in Hie 

composite. 

2. The composite of claim 1 wherein the polar polymer is selected from the groi^) 
consisting of polycarbonate, poly(acryUc add), poly(melJiacryUc add), polyoxide. 
polysulfide, polysulfone, polyamide, polyester, polyurelhane, polyimide, 

10 poly(vinyl acetate), poly(vinyl alcohol), poly(vinyl chloride). poly(vinyl 

pyridine), poly(vinylpyrroUdone), copolymers thereoi^ and combinations thereof. 

3. The composite of claim 1 furflier comprising at least one nonpolar polymer that is 
apolyolefin. 

4. The composite of claim 1 further comprising at least one nonpolar polymer 
15 selected from the group consisting of polyeliiylene, polypropylene, polybutene, 

polyisobutene, polyisoprene, poiyisobutylene, polystyrene, copolymers thereof, 
and combinations thereof. 

§. TTie composite of claim 1 wherein the polar polymer is polycarbonate. 

6. The composite of daim 1 wherein the wdght fraction of single-waU carbon 
20 nanotubes in the composite is in the range of about 0.0 1 wt% and 20 wt%. 

7. The composite of claim 1 where the average spacing between single-wall 
nanotubes in the composite is not more than 50 nanometMS. 

8. The con5)osite of claim 1 wherein the composite has a thermal conductivity of at 
least about 10 watts/meter-°K multiplied by the weight fraction the nanotubes in 

25 the composite. 
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A «»Bpos* of claim 1 whexdn the smgle-waU caAon rmat^ tea .a 

percolated 3-diineiisional network. 

10. A meihod for fornnng a composite con^sing a weight fr^^^^ 
carbon nanotubes and at least one polar polymer comptismg: 

a) dispersing a weight fraction of single-wall carbon nanotubes and at least 
one polar polymer in a solvent to make a nanotube-polymer suspension; 

and 

b) removing the solvent from Ihe suspension to form a nanotube-polymer 
composite wherein the polymer composite has ah electrical conductivity 
of at least about 35 S/cm mnltipUed by Hie weight fraction of the 
nanotubes in the composite. 

n THe method of claim 10 wherein the polar polymer is selected from the group 
consisting of polycarbonate. poly(acryUc acid). poly(methaoryUc add), polyoxide. 
polysulfide, polysulfone. polyamide, polyester, polyureihane. polymude 
poly(vinyl acetate). poly(vinyl alcohol). poly(vinyl chloride). poly(vmyl 
pyridine), poly(vinyl p^oHdone). copol^^ers thereof emd combin^^^ 

12. me melhod of claim 10 wherein the n^otube-polymer suspension forther 

comprises at least one non-polar polymer that is a polyolefin. 
13 Tl,e method of claim 10 wherein the nanotube-polymer suspension further 
comprises at least one non-polar polymer selected from the group consisting of 
polyethylene, polypropylene, polybutene. polyisobutene, polyisoprene. 
polystyrene, copolymers tiiereof and combinatibns tiiereof 
Ite method of claim 1 0 wherein the polar polymer is polycarbonate. 
The melhod of claim 10 wherem the weight fraction of single-wall carbon 
5 nanotubes inthe composite is iniherange of about 0.01 wl^o and 20 wf/o. 



14. 
15. 
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16. 

17. 
18. 

19. 



20. 



21. 



Then^ethodofclaimlOwhereinthedispersingisdonebyamelhodselectedto 
the group consisting of sonicadon. mechanical nuxing. and a combination thereof 

Tte method of claim 10 v^rem further con5,rising heating the suspeosion. 

method of claim 10 wherein Ihe average spacing between single-wdl 
' nanotubes in Ihe composite is not more than 50 nanometers. 
The method of claim 10 wherein 1he con^osite has a themial. conductivity of at 
least about 10 watts/meter-«T[C multipUed by the weight fraction the nanotubes m 
the composite. 

Amethod of claim 10 wherein the single-wall carbon nanotubes form a percolated 
3-dimensioiial network. 

A composite comprising a weight Men (F) of single-wan' carbon nanotubes 
aad at least one polar polymer, wherein the weight fraction (F) is greater ^an zero 
and less than 50 wt%, and wherein the electrical conductivity of the composite is: 

(a) at least lOF Siemens/cm when 10 wt% < F < 50 wt^/o; 

(b) at least 410(F-0.00lf Siemens/cm when 0.4 wt% S F < 10 wt%; and 

(c) at least 7 x lO'' x (F-0.0000 1)' Siemens/cm when F < 0.4 wt^/o. 
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Figuie 1 
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Figure 2 
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Figures 
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Figure 4 
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